In order to improve the dynamic response of solenoid valve efficiency, analyzed the dynamic response of solenoid valve under different structural parameters and working conditions, based on AMESim simulation software platform which established the simulation of solenoid valve and its piping system, involving physical process such as electromagnetic changes, mechanical movement of spool valve, air flow inside the valve. Results of the simulation show that the up-and down-pressure of the solenoid valve has a crucial effect on its dynamic response; for example, its response rate can be improved by raising driving voltage, reducing the friction between the core and the body, and the opening time of the valve can be prolonged and the closing time be shortened by increasing the entrance area of back-pressure chambers and the pre-tightening force of the spring.
INTRODUCTION
Dynamic characteristic of solenoid valve has an important influence on dynamic characteristic of the piping system. The simulation of Solenoid valve involves multiple disciplines, such as machinery, fluid flow, the electromagnetic, and its process is so complicated that it is often simplified in the study at home and abroad. For instance, Dai et al. associated mathematical model of electric valve with that of pneumatic valve, by using Matlab/Simulink for the solution, and applied this model to the study on the influence of the number of turns, resistance, and air gap and air pressure on the response of solenoid valve (Dai, Huang and Yu, 2007) . Based on the finite element method, Kawase, and Ohdachi studied that the electromagnetic force varies with time under different conditions according to the magnetic field distribution of electromagnet (Kawase and Ohdachi, 1991) . Zhang used finite element analysis software Maxwell 2 d / 3 d to compute dynamic response of solenoid valve, and the simulation of the working current curve and magnetization curve, and had variable-parametric design according to the simulation of the working current curve and magnetization curve; as a result, the review and optimization of solenoid valve design can be realized (Zhang, 2008) . Ma and Sun emulationally computed internal flow of solenoid through Fluent software and got its relation between the mass flux and reduced voltage of frontand back-valve (Ma and Sun, 2008) . These researches focused on physical processes of internal valve, but studied a little about their interaction. This paper does a comprehensive study on the dynamic response of solenoid valve, considering the valve in the rocket the pressurization system, based on the AMESim software platform, including electromagnetic change, mechanical movement, and physical process, such as gas flow.
THE STRUCTURE AND WORKING PRINCIPLES OF THE SOLE
As Figure 1 shows, this paper studies solenoid valve as an example, which is a normally-closed two three-way magnet valve, opened by power-supply and closed by power-down. It mainly consists of pilot valve and main valve. high pressure solenoid valve the electromagnet is powered by high-pressure solenoid valve to make the armature assembly upward, the pilot valve is opened to make the back-pressure chambers of main valve release pressure, and then the main valve is opened in the sealing surface band under the action of gas pressure difference; as a result, gas channel from the entrance to the exit is opened. When the solenoid valve is powerdown, pilot valve returns due to the deputy spring, the main valve returns because the channel from the backpressure chambers of the main valve to the vent is closed to produce pressure in the chambers, and the solenoid is closed when is closed, the electromagnetic valve is closed. The parameter of the solenoid valve is in the table 1, and gas medium is helium gas.
(a)solenoid valve (b)electromagnet 1-armature; 2-pilot valve; 3-electromegnet; 4-deputy spring; 5-the main valve; 6-the main spring; 7-the main valve spool; 8--a piston ring; 9-megnetic isolation ring The route of deputy spring mm 0.7 6
The route of main spring mm 2
THE MODEL OF SOLENOID VALVE
Physical model of solenoid valve can be divided into four parts: the circuit model, the magnetic circuit model, mechanical model and dynamic model of controlling gas in the chambers (Chi,2010; Zhan and Marek, 2010) .According to the Kirchhoff laws of magnetic pressure this paper gets magnetic equations as follows (Shen, Chen and Chen,1996) .
(1)
(2)
Here, φ δ means air-gap flux φ means magnetic flux σ is air-gap leakage flux coefficient, N is the number of turns R δ is the air reluctances δ means the width of air-gap S is the area of air-gap L is the length of magnetic path, and H means the intensity of magnetic field. According to the B -H curve of magnetic materials and the intensity of magnetic induction B,H value can be calculated ( Wang, Xu and Liu, 2008) . The equation shows that magnetic flux φ, electromagnetic force F is the function of δ1andNi under the condition of the magnetic material and determined size.
(4) (5) The valve includes four controlled-cylindrical chambers: left-and right-chambers in the valve core and two up-and down-chambers in the armature respectively. Gas channels among chambers and inlet and outlet of solenoid valve are made into orifices, and Redlich -Kwong -Soave equation is used for gas state equation. The kinematical equations of armature of pilot valve and main valve:
Figure 2. The principle diagram of solenoid valve
In the equation, Fs1is the deputy spring force, Ff1 is the friction between armature and the pilot valve body, which is the fixed value in the simulation, m1 is armature mass, S1 is the area on both ends of the armature, p1 is back-pressure chambers of pilot valve, p2 is the pressure of a side controlled chamber to the vent, Fs2 is main spring force, Ff2 is the friction between the valve core and the body, which is the fixed value in the simulation, m2 is valve core mass, x2 is valve core displacement, S2 is the area on both ends of the valve core, p3 is the back-pressure chambers of main valve, and p4 is the pressure of a side controlled chamber to the inlet AMESim model is built on the basis of the above physical model. Dynamic characteristics of solenoid valve is associated with the working state of the pipeline system, like a tank pressurization system shown in figure 3.
Figure 3. Tank pressurization system
As φ (magnetic flux), F (electromagnetic force) vary with δ1( airgap size ) and Nit (the number of ampereturns ), data files are created in accordance with the AMESim 2 d data table, introducing AMESim electromagnet components in the model, F and φ(7) can be obtained under different x and Ni through interpolation calculation. Pneumatic components in the model mainly come from the Pneumatic Component Design and Pneumatic libraries. Gas type is set to the ideal gas, regardless of the heat transferring effect. The length of initial step in the simulation is set to 10-6 s.
ANALYZING DYNAMIC RESPONSE OF SOLENOID VALVE
During the calculation, voltage is 27 when it = 0 is set, and the power is shut when t = 0.2. Under normal working conditions, the pressure of solenoid valve inlet is 35.1 MPa, and that of outlet is 0.3 MPa before opening. To be simple in the narration, opening time is defined as time needed from supplying electricity to opening, closing time is from shutting power to full closure of the main valve; opening actuation time in the starting process is from the starting of the main valve core to its full opening, closing actuation time is from its movement to fully shutting-down. In figure 5, it can be seen that opening time of solenoid valve is 61.86 ms, its outlet pressure rapidly increases to about 35 mpa when the valve opens, and closing time is 321.41 ms. In fact, opening and closing time of the valve is mainly decided by the time needed for touching armature and the main valve core, and this time is very short. Under normal working conditions, opening and closing time of armature is 13.68 ms and 300.79 ms respectively, opening actuation time and closing of is 3.06 ms and 5.04 ms respectively, and
opening and closing actuation the main valve core is 0.50 ms and 9.99 ms respectively. In the moving stage of opening the main valve core, the pressure difference on both sides is very big, so the opening actuation time is very short; however, in the closing stage, the pressure difference on both side is relatively small, so closing actuation time is relatively long. 
The effect of Φ 2.7 mm orifice plate location on dynamic response of solenoid valve
According to calculation, the opening and closing of the valve will vibe seriously if Φ 2.7 mm orifice is placed in front of the inlet of the valve, after being filtered, not installed behind its outlet (for convenience, solution 2 for short). Besides, Opening time is 87.76 ms, and closing time is 753.4 ms. Figure 5 shows part of the calculation results by comparing solution 2 and solution 1, as shown in Figure 3 (orifice behind the valve). P3 means the pressure produced when one side of back-pressure chambers of the main valve is pressured by gas, P4 means when one side of the outlet near the valve is pressured by, Pout means outlet pressure, whose area only accounts for 25% of the cross-section of valve core, and P4 plays a main role. Next, opening and closing process of the valve will be analyzed. Solution1 opening process when the pilot valve opens, P3 quickly drops to about 22 MPa, both P4 and pressure of solenoid valve inlet are 35.1 Mpa before the main valve opens , and pressure difference on both sides of the main valve becomes so big that the spring force is overcome and the main valve is opened. In the process of opening the main valve, P3 will have a brief rise because V3 (volume of back-pressure chambers) decreases; P4 begins to fall sharply because V4 (volume of one-side chamber of valve core outlet) increases and qout (flow out of the V4) increase from 0, which is a main factors. Due to the orifice in the solenoid valve downstream, the pressure in the pipeline before orifice downstream increases quickly, leading to the quick decrease of qout , and P4 falls to about 28.9 MPa rapidly at first and then reach a steady value, about 34.6 MPa. In the process of opening, the maximum of P3 is 22.7 Mpa, far less than P4 , because the flow into V3 is small, at the same time, the main valve is opened without vibration because qout more than P3 due to the downstream pressure.
Solution 2 opening process: Before t=0.06s, the physical processes in these two solutions are the same. Unlike the solution 1, without downstream orifice, the pressure cannot be set up on that high level, and flow is small because of the upstream orifice, so P4 quickly falls below 20 mpa, and P3 (about 22 mpa) is greater than the P4; therefore, the valve core moves to closing direction. With the decrease of opening degree, qout and V4 decreases, P4 increases, and P3 slightly down due to the enlargement of V3, that means, P4 is greater than the P3 at this moment, so the valve core moves to the opening direction again because pressure difference of the valve core overcomes the spring force. After the repeat of above process for several times, V3 and V4 flows tend to be stable, and P3 and P4 are 2.9 MPa and 5.05 MPa respectively, so the main valve keeps open under pressure difference on both sides. Solution 1closing process: When the pilot valve is turned off, gas inside the V3 no longer flows, but the gas still continues flowing from V4 to V3. Because of the big difference between P4 (34.5 MPa) and P3 (19.7 MPa), P3 rises rapidly. When P4 is close to P3, pressure difference on both sides is not sufficient to overcome the spring force, so the main valve begins to close. With the decrease of opening degree, V4 decreases and V3 increases accordingly, the flow into V3 changes slightly and P3 is slightly down, P4 reduces due to the V4 (main factor), and qout slowly increases with the decrease (secondary factor). When the main valve is nearly closed, qout reduces to near zero and P4 rise to the Pin rapidly. After closing, the main valve may open again (the opening degree is small) because differential pressure on both sides may temporarily higher than the spring force, but the main valve will be closed again because P3 rises to the Pin, and Pout drops rapidly due to the decrease of the flow rate in the downstream piping, that is, the gas pressure of back-pressure valve chambers is higher than that of oneside outlet. Therefore, the main valve may occur slight vibration.
Solution 2 closing process: pressure difference between P4 (5.05 MPa) and P3 (2.9 MPa) is very small (compared with solution 1) with upstream orifice but without downstream orifice, and the flow into V3 is lesser, so P3 rises more slowly. When P3 rises near P4 (P3 = 4.9 MPa, P4 = 5.1 MPa), the valve moves toward closing direction due to spring force. As opening degree of the main valve is reduced, both V4 and qout decrease. Without downstream orifice, pressure there can't be set up on a higher level like solution 1, leading to greater pressure difference among P4, Pin, and Pout, among which, qout is the relatively highest, so decrease of qout has a greater impact on P4 than solution 1; in other words. P4 will have a more obvious rise as the opening degree decreases slightly. At the same time, due to the increase of P4, the flow into V3 slightly increases accordingly, and P3 is slowly rising. Besides, V3 increases, but the flow into V3 is relatively small, so rising speed of P3 is slower than that of P4. Thus, as pressure increases on both sides of the valve core (P4 is about 5.3 MPa, P3 about 5.0 MPa) increases, the valve core moves to opening direction by overcoming the spring force., qout increases rapidly, and P4 drops rapidly, with the rise of opening degree. P3 rises as V3 decrease, and the valve moves to closing direction again because of spring force when the pressure on both sides reduces to a certain extent, whose changing trend is similar to process 2. Due to the small flow into V3, changing speed of P3 is always slower that of P4. In the rising process of P3 and P4, the above process is repeated, so vibration occurs. When P3 and P4 eventually rises to Pin, inside electromagnetic pressure tends to be stable, the main valve remains closed and no longer opens due to spring force.
The effect of inlet-and outlet areas of back-pressure chambers of the valve on dynamic response
Inlet-area of back-pressure chambers directly affect the establishment of pressure inside. According to table 2 and figure 6, the flow into the chambers is bigger with greater inlet-area, and the more slowly pressure drops, the more slowly the valve opens. When internal valve keeps stable, the pressure of the chambers is higher. In the process of closing, the bigger the flow into the chambers is, the faster the pressure rise; as a result, closing time is shorter. When inlet-area is large enough (greater than 0.76), and the chambers cannot be reduced to a low degree, the main valve cannot open due to small pressure difference on sides. If the smaller inlet-area is, the shorter opening time is, and the longer closing time is. Similarly, outlet-area is affects the dynamic response to the contrary. 
The effect of driving voltage of Electromagnet on dynamic response
The driving voltage affects the electromagnetic force directly, as shown in table3,figure7and8 .The greater electromagnet driving voltage is, the more quickly the main valve opens , and closing time keeps constant; Voltage changing has no effect on opening and closing actuation time. According to the calculation, electromagnetic valve cannot be opened when the voltage is less than 9.4 V.
In figure 8 , electromagnetic force is no longer increasing when intensity of magnetic induction realizes saturation, which exists in the soft magnetic materials. When U = 20-40v, electromagnet realizes saturation before the armature movement, so the electromagnetic force rises to the maximum rapidly. When U = 10 v, magnetic flux cannot reach saturation because the armature is still in the opening stage. The air gap decreases quickly air-gap reluctance decreases with the narrowing of air gap when the armature is moving up because of electromagnetic force which rises to a maximum later. When U = 9 v, the valve cannot be opened because the electromagnetic force is not enough to overcome the resistance produced by armature movement. When U = 10-40 v, magnetic circuit achieves the saturation; therefore, closing process has nothing to do with the driving voltage. When the voltage reaches a certain value, increasing the voltage has limited effect on improving the response speed, but the coil current increases with rise of voltage, making the coil heat, which has a bad impact on the performance of electromagnet and other circuit element. Therefore, driving voltage should be chosen reasonably. 
The effect of spring pre-tightening force of armature and main valve on dynamic response
According to table 4-5,and figure 9-10, the greater spring pre-tightening force of armature is, the longer opening time of the main valve is and the shorter closing time, and opening and closing actuation time is not affected. When F is greater than 68N, main valve cannot be opened because the armature of pilot valve cannot open. As pre-tightening spring force increases, opening time of the valve becomes longer but closing time shorter, and opening actuation time is not affected, but closing actuation time shorter. The main valve cannot open when pre-tightening spring force is greater than 60N. Opening and closing time should be taken into consideration in choosing the magnitude of pre-tightening spring force. As for the solenoid valve in this study, pre-tightening spring force of the armature has little impact on opening time but a significant effect on closing time; therefore, the pre-tightening spring force of armature can be increased reasonably in order to reduce closing time. 
The effect of friction on dynamic response
According to table 6-7,and figure11-12, when the friction of armature increases, opening and closing time of main valve increase accordingly, but opening and closing actuation time are not affected. However, when the friction of main valve becomes greater, its opening , closing, and closing actuation time become longer accordingly, but opening actuation time is not affected. Opening actuation time of the main valve is not affected by the friction because the gas pressure both sides of the valve core is smaller than friction in the process of opening movement, that is , friction has little impact on opening stage. However, in the process of closing, the friction can cause great influence because the gas pressure difference on both sides is very small, and closing the valve mainly relies on spring force that is small. In fact, the friction is unlikely to be 10 N, so the friction has little effect on dynamic response. 
CONCLUSION
Changing of upstream and downstream pressure in the solenoid valve is crucial to its dynamic response. Without orifice behind the valve, it wills vibe seriously because downstream pressure cannot be built quickly, and opening and closing actuation time becomes longer.
An inlet-and outlet area of back-pressure chambers affects the establishment of pressure inside. Specifically speaking, the larger the inlet-area is, the longer both opening and closing actuation time are, and the shorter the closing time, while the larger the outlet-area is, the longer opening time and the shorter closing time Within a certain range, when driving voltage of electromagnet and electromagnetic force increase, opening time prolongs accordingly, but closing remains constant. Besides, the opening and closing actuation time is not affected by voltage, but improving electromagnet voltage reasonably can shorten opening time.
The pre-tightening force has little effect on opening time but a significant effect on closing time. When pretightening spring force of armature increases, the main valve takes longer time to open but shorter time to close; however, when pre-tightening spring force of main valve increases, opening time becomes longer, but closing and closing actuation time become shorter; that means, increasing main valve's pre-tightening force can shorten its closing time.
Armature friction has little impact on opening time but a big effect on closing time. The greater the friction is, the longer the opening, closing and closing actuation time of main valve are, but opening actuation time is not affected. Obviously, reducing friction helps improving response speed of the valve.
